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MINERAL-COATED MICROSPHERES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/100,062, filed Sep. 25, 2008 and 1s
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
grant RO3AR052893 awarded by The National Institutes of
Health. The government has certain rights 1n the mnvention.

BACKGROUND

The present application generally relates to tissue engi-
neering and administration of therapeutic compounds.
Biodegradable microspheres have been widely used as

carriers for controlled release of drug molecules, including
small molecules (DeFail et al. 2006), DNA (Jang and Shea,

2003), and protemns (Yang et al. 2001). Although these
carriers have become prevalent 1n biomedical applications
ranging from injectable drug delivery (Pandy and Khuller,
2007) to manipulation of stem cell diflerentiation (Newman
and McBurney, 2004; Ferreira et al. 2008), protein release
from these microspheres 1s often confounded by low mol-
ecule encapsulation efliciency (Akhtar and Lewis, 1997),
“burst” release of molecules over short timescales
(O’Donnell and Mcginity, 1997), and decreased activity of
biological molecules due to microsphere processing condi-
tions and polymer degradation by products (Jiang and
Schwendeman, 2001).

Hybrid materials composed of organic polymers coated
with morganic minerals have attracted much attention in
biology and medicine due to their combination of advanta-
geous properties. Polymeric materials are a desirable base
material for biomedical applications, as they can be pro-
cessed mto a variety of sizes and geometries, and can be
designed to bioresorb 1n a controllable timeframe. There-
fore, polymeric biomaterials have been featured 1n a variety
ol applications, including medical devices, tissue engineer-
ing scatlolds, and drug delivery systems.

Calcium phosphate based mineral coatings represent
desirable surfaces for biomedical applications, as they are
similar 1n composition to bone tissue, and have been shown
to promote favorable interactions with natural bone, a prop-
erty termed “bioactivity”. For example, hydroxyapatite—the
major morganic component of bone mineral-—is osteocon-
ductive (Ducheyne et al., 1999), and may also be capable of
inducing new bone formation 1 vivo (Habibovic et al.,
2006).

A particular subset of approaches used to grow hydroxy-
apatite coatings on biomaterials surfaces mimics some
aspects of natural biomineralization processes, and has
therefore be termed “biomimetic” or “bioinspired” Hong et
al., 2006; Gao and Koumoto, 2005; Leveque et al., 2004;
Green et al., 2006). This type of approach 1s a practically and
economically attractive alternative to high-temperature
commercial processing methods such as plasma-spraying
(Gledhill et al., 2001), sputter coating (Yamashita et al.,
1994), and laser deposition (Fernandez-Pradas et al., 1998).
Kokubo et al. first reported bioinspired growth of apatite
coatings on bioactive CaO—S10, glass 1n a simulated body
fluid (SBF), which had ion concentrations nearly equal to
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those of human blood plasma and was held at physiologic
temperature and pH (Kokubo et al., 1990). A series of
subsequent studies reported mineral growth using novel
formulations of SBF (Ovane et al., 2003), variation 1n the
mineral growth process (Miyaji et al., 1999), or variations in
the base materials (Yogogawa et al., 1997). The basis for

mineral nucleation in these studies involved interactions of
mineral 1ons 1n solution with polar functional groups on the
materials surface, such as S1—OH (L1 et al., 1992), Ti—OH
(Barrere et al., 2004) and Zr—OH (Uchida et al., 2001). A
series of recent studies has extended the bioinspired miner-
alization process to include formation of a bone-like
hydroxyapatite coating on biodegradable polymer films
(Murphy and Mooney, 2002) or porous scaflolds (Murphy et
al., 2000; Zhang and Ma, 2004; Bajpai and Singh, 2007).
The mechanism for mineral nucleation and growth on these
materials 1s based on the interaction of carboxylate and
hydroxyl groups on the hydrolyzed surface with calcium-
and phosphate-rich nucle1 1n solution, creating a driving
force for heterogenecous nucleation and mineral growth
(Murphy and Mooney, 2002). This coating process 1s par-
ticularly suitable for biodegradable polymers, as 1t can be
carried out at physiological temperature and pH (Tanahashi
et al., 1994), and the mild processing conditions also suggest
that 1t 1s possible to incorporate biologically active mol-
ecules such as polypeptides and polynucleotides, during the
coating process.

There 1s a need for new applications of mineral-coated
polymers for use in therapeutic treatments. Those needs are
addressed herein.

SUMMARY

The mmventors have discovered that microspheres can be
produced that have a calctum-containing mineral coating.
See Examples. These microspheres are useful, at least for
providing slow release of therapeutic compounds combined
therewith.

The application 1s directed to a microsphere comprising a
bead coated with a first calctum-containing mineral.

The application 1s also directed to a method of producing
a microsphere. The method comprises incubating a bead 1n
a physiological saline solution comprising carbonate, cal-
cium, and phosphate such that a first calcium-containing
mineral layer coating forms on the bead. In this method, the
bead with the mineral layer coating 1s the microsphere.

In other embodiments, the application 1s directed to a
method of administering a compound to a vertebrate. The

method comprises administering the above microsphere to
the vertebrate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic and micrographs of PLG micro-
spheres before and after mineral coating.

FIG. 2 are graphs of XRD and FTIR spectra. Panel A
shows a representative XRD spectrum of mineral-coated
microspheres showing apatite peaks corresponding to
hydroxyapatite at 20=235.78°, 28.68°, and 32.05°. Panel B
shows a representative FTIR spectrum showing phosphate
peaks (1087, 1035, 950, 560 cm™") and carbonate peaks
(1456 and 1415 cm™).

FIG. 3 1s graphs and a micrograph relating to protein
binding on mineral-coated microspheres. Panel A 1s a rep-
resentative F'1-IR spectrum of protein bound onto mineral-
coated microspheres showing phosphate peaks (1087, 1035,
950, 560 cm™ ), carbonate peaks (1456 and 1417 cm™), and
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amide peaks (1653 and 1558 cm™"). Panel B is a scanning
clectron micrograph (SEM) of protein bound on the surface
of mineral, scale bar=100 nm. Panel C shows binding curves
of bovine serum albumin (BSA) and Cytochrome ¢ (Cyt ¢)
on the mineral-coated microspheres surface.

FIG. 4 1s graphs and micrographs relating to release of
protein from mineral-coated microspheres. Panel A 15 a
comparison of cumulative release of BSA bound to mineral-
coated PLG microspheres and BSA encapsulated in PLG
microspheres. Both approaches show sustained release, with
the total amount of bound BSA release significantly higher
than the encapsulated BSA after 30 days. Panels B and C are
SEM 1mages of mineral-coated microspheres (B); and PLG
microspheres (C) after the 30 day release period. Panel D
shows cumulative release of Cyt ¢ from mineral-coated PLG
microspheres at pH 4 and pH 7.4. Panels E and F are SEM
images ol mineral-coated microspheres after 30 days of
release 1in buflered solutions pH=4 (E), and pH=7.4 (F).

FIG. 5 1s SEM mmages of a PLG microsphere (A) and
mineral-coated microsphere after incubation in mSBF for 7
days.

FIG. 6, Panels A-D are SEM 1mages of mineral-coated
microspheres after a 7 day incubation 1n mSBF solution,
0.25% w/v (A), 0.50% w/v (B), 0.75% w/v (C), and 1.00%
(D) w/v. Panel E 1s a graph showing the relationship between
the microsphere concentration in solution during mineral
growth, and the size of mineral-coated microsphere aggre-
gates.

FIG. 7 i1s a graph showing the C potential of PLG
microspheres 1n builers PBS, mSBF, and mSBF+0.1% (v/v)
Tween 20™ (Panel A) and nonhydrolyzed and hydrolyzed

PLG films 1n comparison with PLG microspheres (Panel B).

FIG. 8 1s graphs showing X-ray diffraction analysis of
mineral-coated microspheres and hydroxyapatite powder
(included for comparison) (Panel A), and Fourier transform
inirared analysis of mineral-coated microspheres (Panel B).
Peaks associated with carbonate are denoted by *, and peaks
associated with phosphate are denoted by 7.

FI1G. 9 shows an EDS spectrum of mineral-coated micro-
spheres alter a 7 day incubation 1n mSBF.

FIG. 10 1s SEM 1mages showing the process of mineral
nucleation and growth on PLG microspheres. The images
are ol microspheres after: the first day of immersion 1n
mSBF (A), day 3 of incubation (B), day 5 of incubation (C)
and day 7 of incubation (D).

FIG. 11 1s a graph showing the percentage of aggregated
microspheres suspended for 1, 3 and 7 days in PBS, mSBF
and mSBF+Tween20™,

FI1G. 12 1s graphs and SEM images ol mineral dissolution
of mineral-coated microspheres. Panel A shows cumulative
dissolution of Ca®* and PO,”~ during a 25 day incubation in
tris-builered saline (TBS). Panel B shows cumulative dis-
solution of PO, during a 25 day incubation in DMEM.
Panels C 1s SEM images ol mineral-coated microspheres
after the 25 day TBS incubation. Panel D 1s SEM 1mages of
mineral-coated microspheres after the 25 day DMEM 1ncu-
bation.

FIG. 13 1s SEM 1mages and a graph showing the effect of
surfactant (ITween 20™) on the mineral formed on the PLG
microsphere surfaces after 3 days (A), after 7 days (B), after
14 days (C), and after 28 days (D). Panel E shows an FTIR
spectrum ol PLG microspheres coated with mineral via a 28
day mSBF incubation in the presence of 0.1% v/v Tween
20™ A spectrum of commercial HA powder 1s included for
comparison.
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FIG. 14 1s SEM 1mages showing nanometer-scale mineral
morphology on the surface of microspheres formed 1n the

presence (A) or absence (B) of 0.1% v/v Tween 20™,

DETAILED DESCRIPTION

The iventors have developed methods for producing
novel microspheres that have a calcium-containing mineral
coating. They have also characterized these microspheres
and established that they have advantageous properties
usetul for utilizing the microspheres to deliver therapeutic
compounds to tissues. See Examples.

In some embodiments, the application 1s directed to a
microsphere comprising a bead coated with a first calcium-
containing mineral. The Examples describe exemplary
methods for producing these microspheres using a modified
simulated body fluuid (mSBF). By adjusting the mineral
composition, and/or concentration of the mSBF, the com-
position of the mineral precipitated on the microspheres can

be manipulated. See also U.S. Patent Application Publica-
tion US 2008/0095817 A1; U.S. Pat. No. 6,767,928 B1; U.S.

Pat. No. 6,541,022 B1; PCT Publication WO 2008/070355
A2; PCT Publication WO 2008/082766 A2; Murphy and
Mooney, 2001; Murphy and Messersmith, 2000.

Inorganic minerals suitable for producing a calcium-
containing mineral coating include various bone mineral
ions, such as, but not limited to calcium and phosphate and
combinations of bone mineral 10ns, such as calcium-phos-
phates. The calcium-containing mineral coating can com-
prise, €.g., hydroxyapatite (HAP), a-tricalcium phosphate
(a.-TCP), pB-tricalcium phosphate (3-TCP), amorphous cal-
cium phosphate, dicalctum phosphate, octacalctum phos-
phate or calcium carbonate. The calcium-contaiming mineral
coating can comprise a plurality of layers, e.g., separate
layers having distinct dissolution profiles. Under physiologi-
cal conditions, solubility of calcium phosphate species
adhere to the 1following trend: amorphous calcium
phosphate>dicalcium phosphate>octacalcium phosphate>{3-
TCP>HAP. A dicalcium phosphate mineral will typically
have a dissolution rate that 1s more than fifty times higher
than that of HAP. Therefore, creation of a matrix with
distinct calcium phosphate layers allows for a broad range of
dissolution patterns.

The bead can be formed of any suitable material known
in the art. The selection of the bead material for any
particular application can be made without undue experi-
mentation.

In some embodiments, the bead comprises a negative
charge, which can promote the deposition of the calcium
containing material. The negative charge could be provided
by any moiety present on the bead, for example a carboxy-
late group, as 1s present in poly(D,L-lactide-co-glycolide)
(PLG). In some embodiments the bead 1s made of a polymer,
for example a synthetic polymer. In various aspects of these
embodiments, the polymer 1s bioabsorbable. Nonlimiting
examples of suitable bead materials include, for example, a
collagen gel, polyvinyl alcohol, a marine adhesive protein,
a PLG fiber matrix, a polyglactin fiber, a calcium alginate
gel, a polyglycolic acid, polyester (e.g., poly-(L-lactic acid)
or a polyanhydride), a polysaccharide (e.g. alginate), chito-
san, polyphosphazene, polyacrylate, polyethylene oxide-
polypropylene glycol block copolymer, fibrin, collagen, and
fibronectin, polyvinylpyrrolidone, hyaluronic acid, poly(lac-
tide), poly(glycolic acid), poly(lactide-co-glycolide), poly
(caprolactone), polycarbonates, polyamides, polyanhy-
drides, polyamino acids, polyortho esters, polyacetals,
polycyanoacrylates), polyurethanes, polyacrylates, ethyl-
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ene-vinyl acetate polymers and other acyl substituted cellu-
lose acetates and dernivatives thereof), polyurethanes, poly-
styrenes, polyvinyl chlonde, polyvinyl fluoride, poly
(vinylimidazole), chlorosulphonated polyolifins,
polyethylene oxide, polyvinyl alcohol, Teflon®, nylon, and
analogs, mixtures, combinations and derivatives of any of
the above.

In various embodiments, the bead 1s made of a polymer
that comprises polar oxygen groups. Examples of such
polymers include polycarboxylates, polyanhydrides, poly
(a-hydroxyesters), poly(ethylene terephthalates), poly(car-
bonates), poly(amides), poly(lactones), a poly(saccharides)
and poly(acrylates).

In various embodiments, the bead 1s made of a PLG, for
example at a ratio of about 85:15 lactide:glycolide (*85:15
PLG™). The use of 85:15 PLG copolymers 1s advantageous
as a decrease 1n the lactide/glycolide ratio of the copolymer
1s believed to increase the rate of surface hydrolysis.

In certain specific embodiments, the first calcium-con-
taining mineral 1s a carbonated-substituted calctum-deficient
hydroxyapatite and the bead 1s PLG, wherein the PLG 1s
about 85:15 lactide:glycolide.

In some embodiments, the microsphere further comprises
a component adhering to the first calctum-containing min-
eral, wherein the component introduces a functional group
to the first calcitum-containing mineral. Introduction of such
a Tunctional group allows covalent binding of any additional
matenals (e.g. therapeutic compounds) to the microspheres.
Nonlimiting examples of functional groups that can be
introduced on the component 1s a carboxylate, an amine, a
carbonyl, a nitro, a hydroxyl, an aldehyde, or an ester. In
some embodiments, the component comprises a poly(aspar-
tic acid), a poly(glutamic acid), or a bisphosphonate. See
¢.g., Murphy et al., 2007. Other nonlimiting examples of
components useful 1n these embodiments are the oligopep-
tides AAAAFPRREVAEL or AAAAvYEPRRYEVAvVEL,
where vE 1s carboxyglutamate.

In some embodiments, the microsphere further comprises
a first compound adhering to the first calctum-containing
mineral or the component.

In certain specific embodiments of the first compound-
containing microspheres, the first calcium-containing min-
eral 1s a carbonated-substituted calcium-deficient hydroxy-
apatite and the bead 1s poly(D,L-lactide-co-glycolide)
(PLG), wherein the PLG 1s about 83:15 lactide:glycolide.

These embodiments are not limited to any particular first
compounds. The first compound can be an organic com-
pound less than 2000 MW, or less than 1000 MW, or less
than 500 MW. Nonlimiting examples include antibiotics,
corticosteroids and statins. More specific examples 1include
cefazolin, cefuroxime, clindamycin, vancomycin and dex-
amethasone.

Alternatively, the first compound can be an oligopeptide
or polypeptide. As used herein, an oligopeptide comprises a
linear chain of 30 or less amino acids. A polypeptide
comprises more than 30 amino acids. Examples of oligo-

peptides are GGRGDSP (a cell adhesion peptide derived
from fibronectin), GGIKVAV (a cell adhesion peptide
derived from laminin), GGYIGSR (a cell adhesion peptide
derived from laminin), GGDGEA (a cell adhesion/signaling
peptide derived from type I collagen), GGKIPKASSVP-
TELSAISTLYL (a peptide derived from bone morphoge-
netic protein-2), AAAAEPRREVAEL (a modified peptide
derived from osteocalcin—some athinity for hydroxyapatite
mineral), AAAAYEPRRYEVAvVEL, where vE 1s carboxyglu-
tamate (a modified peptide derived from osteocalcin—high
aflinity for hydroxyapatite mineral).
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In other embodiments, the first compound 1s a polypep-
tide, for example a cytokine, an enzyme, or a protein
comprising an antibody binding site (e.g., an antibody).
Other nonlimiting examples of polypeptides that could be
included in the microspheres are virtually any hormone,
neurotransmitter, growth factor, growth factor receptor,
interferon, mterleukin, chemokine, cytokine, colony stimu-
lating factor and/or chemotactic factor protein or polypep-
tide. Further examples include transcription or elongation
factors, cell cycle control proteins, kinases, phosphatases,
DNA repair proteins, oncogenes, tumor suppressors, angio-
genic proteins, anti-angiogenic proteins, iImmune response
stimulating proteins, cell surface receptors, accessory sig-
naling molecules, transport proteins, enzymes, anti-bacterial
and/or anti-viral proteins or polypeptides, and the like,
depending on the intended use of the ultimate composition.
More specific examples include growth hormone (GH);
parathyroid hormone (PTH, including PTH1-34); bone mor-
phogenetic proteins (BMPs), such as BMP-2A, BMP-2B,
BMP-3, BMP-4, BMP-5, BMP-6, BMP-7 and BMP-8;
transforming growth factor-o. (TGF-a), TGF-31 and TGF-
32; fibroblast growth factor (FGF); granulocyte/macrophage
colony stimulating factor (GMCSF); epidermal growth fac-
tor (EGF); platelet derived growth factor (PDGF); an 1nsu-
lin-like growth factor (IGF), leukemia inhibitory factor
(LIF), vascular endothehal growth factor (VEGF), basic
fibroblast growth factor (bFGF), platelet derived growth
tactor (PDGF), angiogenin, angiopoietin-1, del-1, follistatin,
granulocyte colony-stimulating factor (G-CSF), hepatocyte
growth factor/scatter factor (HGFEF/SF), interleukin-8 (IL-8),
leptin, midkine, placental growth factor, platelet-derived
endothelial cell growth factor (PD-ECGF), platelet-derived
growth factor-BB (PDGF-BB), pleiotrophin (PTN), pro-
granulin, proliferin, tumor necrosis factor-o (INF-a.), a
matrix metalloproteinase (MMP), angiopoietin 1 (angl),
ang2, and delta-like ligand 4 (DLL4).

In some specific embodiments, the polypeptide 1s a BMP-
2, a BMP-7, a VEGE, an FGF-2, a PDGEF, a TGF-§3, an
interleukin, or a human GH.

The first compound can also be a nucleic acid. Non-
limiting examples include a microRNA, an antisense nucleic
acid, and a vector. Where the first compound 1s a vector, any
vector known or later discovered can be included here. In
some embodiments, the vector comprises a sequence encod-
ing a therapeutic protemn, such as any of the proteins
discussed above.

The first compound can noncovalently adhere to the
microsphere. Alternatively, the microsphere can further
comprise a component adhering to the first calcium-contain-
ing mineral and introducing a functional group to the
microsphere, to which the compound 1s covalently attached.
See, e.g., Murphy et al., 2007.

In some embodiments, the first compound 1s at more than
one level of the first calcium-containing mineral. These
microspheres generally release the compound over a longer
period of time than where the compound 1s only at one level
(for example the outer surtace of the first calcium-containing
mineral.

In other embodiments, the first compound 1s modified to
change the rate at which the compound 1s released from the
microsphere. For example, where the first compound further
comprises a moiety that increases the strength of binding of
the compound to the first calctum-containing mineral, the
compound would be released more slowly than 11 the moiety
1s not present. Nonlimiting examples of such moieties
include amino acid sequences rich in glutamic acid, aspartic
acid or phosphoserine, which interact directly with calcium
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ions 1n mineralized extracellular matrices. Other examples
include AAAAEPRREVAEL or AAAAYEPRRYEVAvVEL,
where vE 1s carboxyglutamate.

In various embodiments, the microsphere further com-
prises a second compound adhering to the first calcium-
contaiming mineral or the component. As with the first
compound, the microspheres are not limited as to the nature
of the second compound. The second compound can be for
example an organic compound less than 2000 MW or 1000
MW or 500 MW. Alternatively, the second compound can be
an oligopeptide or polypeptide, or a nucleic acid. In these
embodiments, the first compound and the second compound
can be on the same or different levels of the first calcium-
containing minerals. Having the two compounds on different
levels 1s useful when 1t 1s desired that the two compounds are
released at different times. The microsphere can also further
comprise a third, fourth, fifth, etc. compound as desired.

In additional embodiments, the microsphere comprises a
living cell. The living cell can be from any organism,
including an Archaea, a prokaryote, or a eukaryote. In some
embodiments, the cell 1s a mammalian cell. The cell can be
naturally occurring or, alternatively, can be transformed to
express a recombinant molecule, e.g., a protein or nucleic
acid (such as an miRNA).

In certain specific embodiments of these cell-containing
microspheres, the first calcium-containing mineral 1s a car-
bonated-substituted calcium-deficient hydroxyapatite and
the bead 1s poly(D,L-lactide-co-glycolide) (PLG), wherein
the PLG 1s about 85:15 lactide:glycolide.

The cell can be adhered to the microsphere by any known
means. In some embodiments, the microsphere comprises a
first binding agent that binds to a second binding agent on
the cell. Nonlimiting examples of such agents are a receptor
and a ligand of the receptor, complementary nucleic acids, or
a cell adhesion peptide and a ligand of the cell adhesion
peptide. In the latter case, examples of suitable cell adhesion
peptides are GGRGDSP, GGIKVAV, GGYIGSR or GGD-
GEA. These peptides or any other first binding agent can be
part of a larger molecule, for example a molecule that binds
to the first calcium-containing mineral as discussed above.

In some embodiments, the microsphere comprises a cell
as well as a compound (e.g., a cytokine) that interacts with
the cell. In such a microsphere, the cytokine 1s advanta-
geously close to the cell, such that the compound 1s likely to
contact and thus interact with the cell.

In additional embodiments, the microsphere further com-
prises a coating of a second calcium-containing mineral. The
second coating can be a mineral that has a different degra-
dation rate than the first calctum-containing mineral. The
microsphere comprising the two coatings can further com-
prise one or more than one compound. Either of the two
coatings can be, for example, any of hydroxyapatite (HAP),
a-tricalctum phosphate (a-TCP), {3-tricalcium phosphate
(p-TCP), amorphous calcium phosphate, dicalcium phos-
phate, octacalcium phosphate or calcium carbonate. For
example, the first calcium-containing mineral can be
hydroxvapatite and further comprises a first therapeutic
compound, and the second calcium-containing mineral can
be a-TCP and 1s coated above (1.e., closer to the surface of
the microsphere) the first calcium containing mineral and
turther comprises a second therapeutic compound. In this
example, the second calcium-contaiming mineral would
degrade first, releasing the second therapeutic compound
betore the first therapeutic compound 1s released.

Where a compound is present in the microsphere, its
release depends on a number of factors, for example (a) how
strongly the compound adheres to the calcium-containing
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mineral or component, (b) how far away from the surface of
the microsphere the compound 1s (for example 11 a layer of
calcium-containing mineral 1s deposited on the microsphere
after the compound 1s added), (¢) the degradation/bioabsorp-
tion rate of the calcium-containing mineral, (d) whether the
compound 1s covalently bound to a component, and i1 so, (¢)
how strongly the component 1s bound to the mineral, () how
strongly the covalent bond 1s between the compound and the
component, and (g) whether there are enzymes present, e.g.,
from a tissue in which the microsphere 1s 1mplanted, that
will break the covalent bond and release the compound.
Each of these factors may have more or less influence on the
release of the compound, depending on the configuration of
the microsphere. For example, in the case where the com-
pound 1s covalently attached to a component, the component
binds to the calcium-containing material strongly, and there
are no enzymes to break the covalent bond, then the main
factor influencing the release of the component 1s the rate of
degradation of the calcium-containing mineral. However, 1f
the compound 1s noncovalently adhering directly to the
calcium-containing mineral, then all of the above factors
(a)-(c) will have an influence 1n the rate of release of the
compound.

In further embodiments, the compound 1s 1n the bead. In
these embodiments, the compound would likely be released
upon degradation of the bead, after the degradation of the
calcium-containing mineral.

In some embodiments, the various microspheres dis-
cussed herein generally have a diameter between about 0.5
um and about 300 um. In other embodiments, the micro-
sphere has a diameter between about 0.5 um and about 100
um. In additional embodiments, the microsphere has a
diameter between about 2 um and about 6 um.

As discussed 1n the examples the microspheres tend to
aggregate, particularly 11 they are produced by incubation 1n
mSBF at a high concentration of microspheres or for an
extended period of time (see Examples). Thus, in some
embodiments, the application 1s directed to a plurality of any
of the above-described microspheres, aggregated. In certain
specific embodiments of these aggregated microspheres, the
first calcium-containing mineral 1s a carbonated-substituted
calcium-deficient hydroxyapatite and the bead 1s poly(D,L-
lactide-co-glycolide) (PLG), wherein the PLG 1s about
85:15 lactide:glycolide. In other embodiments of these
agoregated microspheres, a first compound, as described
above, adheres to the first calcium-containing mineral.

The application 1s also directed to a method of producing
a microsphere. The method comprises incubating a bead 1n
a physiological saline solution comprising carbonate, cal-
cium, and phosphate such that a first calcium-containing
mineral layer coating forms on the bead, where the bead
with the muineral layer coating 1s the microsphere. See
Examples. In some embodiments, the solution comprises
NaCl, KCI, MgCl,, MgSO,, NaHCO,, Tris, CaCl,, and
KH,PO,. In more specific embodiments, the solution com-
prises about 100-200 mM NaCl, about 1-8 mM KCIl, about
0.1-2 mM MgSO,, about 0.2-5 mM MgCl,, about 1-100
mM NaHCO,, about 2-20 mM CaC(l,, and about 0.5-10 mM
KH,PO,. Even more specifically, the solution comprises
about 141 mM NaC(l, about 4.0 mM KCl, about 0.5 mM
MgSQO,, about 1.0 mM MgCl,, about 4.2 mM NaHCO,,
about 5.0 mM Ca(l,, and about 2.0 mM KH,PO,.

In some of these methods, the solution also comprises a
surfactant, which can change the morphology of the cal-
cium-contaiming mineral layer, and reduce aggregation of
the microspheres. See Example 2. Any surfactant now
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known or later discovered may be used here. In some
embodiments, the surfactant 1s Tween 20™,

In some embodiments, the mineral coating described
herein 1s developed by incubating the constituents in the
above solution, which can be called a “simulated body fluid”
(SBF) or a “modified simulated body fluid” (mSBF), for five
days or more at a pH of about 6.8 to about 7.4 and at a
temperature of about 37° C. The SBF or mSBF may be
refreshed daily. Using the chemical composition described
in the Examples, the procedure produces a calcium-defi-
cient, carbonate-containing apatite material on alginate and
on poly-(a-hydroxy esters). See U.S. Pat. No. 6,767,928,
incorporated herein by reference. mSBF includes elevated
calcium and phosphate. In general, an increase 1n pH favors
hydroxvapatite growth, while a decrease 1n pH favors octa-
calcium phosphate mineral growth.

For example, conditions favorable for hydroxyapatite
formation include a pH between about 5.0 and about 8.0 and
a calcium concentration multiplied by a phosphate concen-
tration between about 10~ and about 10~® M. Likewise,
conditions favorable for octacalcium phosphate formation
include a pH between about 6.0 and about 8.0 and a calcium
concentration multiplied by a phosphate concentration
between about 10> and about 10’ M. Furthermore, con-
ditions favorable for dicalcium phosphate dehydrate forma-
tion include a pH between about 6.0 and about 8.0 and a
calcium concentration multiplied by a phosphate concentra-
tion between about 10~ and about 10™° M.

Specifically, using poly-(a-hydroxy esters) or alginate
hydrogels as a template, one would vary the pH of mSBF
between about 5.0 and about 6.0 to promote hydroxyapatite
formation. Similarly, one would vary the pH of mSBF
between about 6.0 and about 6.5 to promote octacalcium
phosphate and hydroxyapatite formation. Likewise, one
would vary the pH of mSBF between about 6.5 and about
8.0 to promote dicalcium phosphate, octacalcium phosphate
and hydroxyapatite formation.

Prior to deposition of the first calcium-containing mineral,
the bead may be surface-functionalized to allow increased
mineral deposition by utilizing chemical pre-treatment to
achieve surface hydrolysis, e.g., using an NaOH solution.
Surface degradation by this technique causes an 1ncrease 1n
the amount of polar oxygen functional groups on the surface
of the material. The functionalized surface 1s then incubated
in a mineral-containing solution.

In some embodiments, the method further comprises
adding a component that adheres to the first calcium-
contaiming mineral layer to the microsphere. In these
embodiments, the component introduces a functional group
to the first calcium-containing mineral layer. As discussed
previously, nonlimiting examples of such components
include peptides comprising a poly(aspartic acid) sequence,
a poly(glutamic acid) sequence, AAAAEPRREVAEL and
AAAAYEPRRYEVAvVEL, where vE 1s carboxyglutamate.

In additional embodiments, the method further comprises
incubating the microsphere with a first compound such that
the first compound adheres to the microsphere. As discussed
above 1n relation to the discussion on the microsphere
composition, the first compound can be any chemical com-
pound, such as an organic compound less than 2000 MW, an
oligopeptide or polypeptide (e.g., a cytokine, an enzyme, or
a protein comprising an antibody binding site), or a nucleic
acid (e.g., a microRNA, an antisense nucleic acid, or a
vector).

In some embodiments, the first compound 1s incubated
with the microsphere such that the first compound 1s non-
covalently bound to the microsphere. In other embodiments,
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a component that introduces a functional group to the
microsphere 1s adhered to the microsphere, the first com-
pound 1s covalently attached to the functional group.

In various embodiments of these methods, the first com-
pound 1s mncubated with the bead 1n the physiological saline
solution such that the first compound 1s deposited on the
bead along with the mineral layer coating. Such micro-
spheres generally have the first compound deposited
throughout the mineral layer coating, whereas if the com-
pound 1s bound to the bead after the mineral layer 1s coated
onto the bead, the compound would only be present on the
surface of the mineral layer. The first compound would be
expected to be released over a longer period of time 1n the
former case than 1n the latter case.

In other embodiments, the bead 1s incubated 1n the physi-
ological saline solution both before and atter the first com-
pound 1s adhered to the microsphere, atter which additional
first compound 1s adhered to the microsphere. In this case,
the first compound would be internal to the surface of the
mineral layer and would be released after a first compound
deposited on the surface.

By controlling the addition of the compound in the above
methods, a suitable release profile of the compound for any
application can be achieved without undue experimentation.

Additionally, the method can further comprise incubating
the microsphere with a second compound such that the
second compound adheres to the microsphere. In some of
these embodiments, the bead 1s incubated 1n the physiologi-
cal saline solution before and after the first compound 1is
adhered, after which the second compound 1s adhered to the
microsphere, such that the first compound and the second
compound are on different layers of the first calcium-
containing mineral layer. Such a microsphere would release
the second compound before the first compound.

The present application 1s further directed to any of the
above-described microspheres made by any of the above-
described methods.

The application 1s further directed to a method of admin-
istering a compound to a vertebrate. The method comprises
administering any of the microspheres disclosed above to
the vertebrate, where the microsphere further comprises the
compound. In some embodiments, the microsphere 1s 1n a
pharmaceutically acceptable material.

By “pharmaceutically acceptable 1t 1s meant a material
that (1) 1s compatible with the other ingredients of the
composition without rendering the composition unsuitable
for its intended purpose, and (i1) 1s suitable for use with
subjects as provided herein without undue adverse side
ellects (such as toxicity, irritation, and allergic response).
Side eflects are “undue” when their risk outweighs the
benelit provided by the composition. Non-limiting examples
of pharmaceutically acceptable carriers include, without
limitation, any of the standard pharmaceutical carriers such
as phosphate buflered saline solutions, water, emulsions
such as oi1l/water emulsions, microemulsions, and the like.

The above-described microspheres can be formulated
without undue experimentation for administration to a ver-
tebrate, including humans, as appropriate for the particular
application. Additionally, proper dosages of the micro-
spheres can be determined without undue experimentation
using standard dose-response protocols.

Accordingly, the microspheres may be enclosed 1n gelatin
capsules. For the purpose of oral therapeutic administration,
the microspheres of the present invention may be 1ncorpo-
rated with excipients and used in the form of tablets, troches,
capsules, elixirs, suspensions, syrups, waters, chewing gums
and the like.
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The microspheres can alternatively be administered par-
enterally such as for example, by intravenous, mtramuscular,
intrathecal or subcutaneous injection. Such administration
can be systemic, for example if the microspheres were
administered by injection into the blood stream. Alterna-
tively, the administration can be local, e.g., an 1njection of
the microspheres directly onto an area where there 1s a tissue
defect, where the compound 1s a cytokine that stimulates
filling 1n the detect. Parenteral administration can be accom-
plished by incorporating the microspheres into a suspension.
Such suspensions may also include sterile diluents such as
water for 1njection, saline solution, fixed oils, polyethylene
glycols, glycerin, propylene glycol or other synthetic sol-
vents. Parenteral formulations may also include antibacternal
agents such as for example, benzyl alcohol or methyl
parabens, antioxidants such as for example, ascorbic acid or

l

sodium bisulfite and chelating agents such as EDTA. Buflers
such as acetates, citrates or phosphates and agents for the
adjustment of osmolarity such as sodium chloride or dex-
trose may also be added. The parenteral preparation can be
enclosed 1 ampules, disposable syringes or multiple dose
vials made of glass or plastic.

Rectal admimistration includes administering the micro-
spheres, 1n a pharmaceutical composition, 1nto the rectum or
large intestine. This can be accomplished using supposito-
ries or enemas. Suppository formulations can easily be made
by methods known in the art. For example, suppository
formulations can be prepared by heating glycerin to about
120° C., dissolving the composition 1n the glycerin, mixing
the heated glycerin after which purified water may be added,
and pouring the hot mixture into a suppository mold.

Transdermal administration 1ncludes percutaneous
adsorption of the microspheres to the skin. Transdermal
tformulations include patches (such as the well-known nico-
tine patch), ointments, creams, gels, salves and the like.

The present invention includes nasally adminmistering to
the vertebrate a therapeutically eflective amount of the
microspheres. As used herein, nasally administering or nasal
administration includes administering the compound to the
mucous membranes of the nasal passage or nasal cavity of
the patient. As used herein, pharmaceutical compositions for
nasal administration of the compound include therapeuti-
cally eflective amounts of the compound prepared by well-
known methods to be admimstered, for example, as a nasal
spray, nasal drop, suspension, gel, ointment, cream or pow-
der. Administration of the compound may also take place by
applying the microspheres 1 a nasal tampon or nasal
sponge.

These methods can be used to treat any vertebrate, includ-
ing wild or domesticated mammals or birds, including farm
ammals and pets. In some embodiments, the vertebrate 1s a
human.

In various embodiments, the vertebrate has a condition
that 1s treatable by administering the compound. Nonlimit-
ing examples of such conditions include cancer, diabetes,
Alzheimer’s disease, Parkinson’s disease, a heart disease, a
virus infection, a bacterial infection, a parasitic infection, an
autoirmmune disease, an allergy, a prion disease, a gastroin-
testinal disease, a liver disease, a kidney disease, a skin
disease, a bone disease, a congenital disease or defect, a
disease characterized by insuiliciency of a protein or a
metabolite, erectile dysfunction or baldness.

In some embodiments, the condition 1s a tissue defect. The
tissue defect can be, for example, 1n a bone, a soit tissue, or
an internal organ. The defect may be caused by disease or
trauma, or 1t may be congenital.
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The application 1s also directed to the use of any of the
above-described microspheres for the manufacture of a

medicament for treating a vertebrate with a compound. In
some of these embodiments the vertebrate 1s a mammal, e.g.,
a human. Further, the application 1s directed to the use of any
of the above-described microspheres for the treatment of a
vertebrate with a compound. In some of these embodiments
the vertebrate 1s a mammal, e.g., a human.

Preferred embodiments are described in the following
examples. Other embodiments within the scope of the
claims herein will be apparent to one skilled in the art from
consideration of the specification or practice of the invention
as disclosed hereimn. It 1s intended that the specification,
together with the examples, be considered exemplary only,
with the scope and spirit of the mnvention being indicated by
the claims, which follow the examples.

Example 1

Mineral-Coated Polymer Microspheres for
Controlled Protein Binding and Release

The work described herein evaluates the hypothesis that
protein-mineral interactions could be used as an alternative
mechanism to create biodegradable micro-carriers for con-
trolled protein binding and release. In particular, the calctum
phosphate mineral hydroxyapatite 1s employed as a substrate
for protein binding and release, as 1t has been used for over
50 years 1n chromatographic protein separations based on 1ts
ability to bind and release both acidic and basic proteins
under particular solution conditions. Here a first demonstra-
tion 1s provided establishing that biodegradable polymer
microspheres can be coated with an iorganic hydroxyapa-
tite layer, and that this biodegradable coating can be used as
a substrate for binding and sustained release of acidic and
basic proteins.

This approach involves nucleation and growth of inor-
ganic calcium phosphate mineral coatings on the surface of
organic, biodegradable polymer microspheres at near physi-
ologic temperature and pH. This mineral growth process
mimics natural biomineralization processes (Mann, 2001),
and results 1n a mineral coating that 1s similar 1n structure
(platelike nanostructure) and composition (carbonated-sub-
stituted, calctum-deficient hydroxyapatite phase) to human
bone mineral, as detailed previously on macroscopic poly-
mer films (Murphy and Mooney, 2002). Specifically, pro-
tein-releasing, mineral-coated polymer microspheres were
prepared here via a two-step process mnvolving: 1) formation
of biodegradable PLG microspheres using a standard water-
oil-water double emulsion process (Meng et al., 2003); and
11) coating of PLG microspheres with an inorganic, bone-like
mineral (BLM) film via incubation 1n a modified simulated
body fluid (mSBF), an aqueous solution which contains the
ionic constituents of blood plasma with 2-fold higher con-
centrations of calcium and phosphate 1ons (Murphy and
Messersmith, 2000) (FIG. 1). X-ray diffraction and FTIR
spectra 1ndicate that the mineral grown on PLG micro-
spheres 1s an apatite mineral (FIG. 2). Scanning electron
microscopy (SEM) (FIG. 1) indicates that the mineral film
1s continuous on the microsphere surface and has a plate-like
nanostructure. Therefore, the mineral layer grown on bio-
degradable polymer microspheres 1s similar 1n composition
and morphology to bone mineral, as described previously
Murphy and Mooney, 2002).

Importantly, the mineral-coated microsphere surface 1s
porous and contains charged calcium and phosphate com-
ponents. Therefore, 1t was hypothesized that these micro-
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spheres would be capable of efliciently binding soluble
biological molecules via electrostatic interactions, 1n a man-
ner analogous to the above mentioned hydroxyapatite chro-
matography (Urist et al., 1984; Schroder et al., 2003). In this
study the possibility was examined of using mineral-coated
microspheres as a carrier for two proteins with differing
characteristics: 1) an acidic protein, bovine serum albumin
(BSA) (pI=4.7); and 11) a basic protein, cytochrome ¢ (Cyt
¢) (pI=10.2). These model proteins were chosen to 1llustrate
the influence of protein characteristics on binding efliciency
and release kinetics, and because of their biological rel-
evance. Specifically, albumin 1s one of the most abundant
proteins found in blood plasma and has been shown to
promote formation of bone tissue (Yamaguchi et al., 2003),
while cytochrome ¢ serves as a model protein for several
basic growth factors, such as fibroblast growth factor-2,
bone morphogenic proteins, and transforming growth factor
3.

Binding of BSA on mineral-coated PLG microspheres
was first detected by FTIR analysis (FIG. 3A). The FTIR
spectrum shows phosphate peaks (1087, 1035, 950, and 560
cm™ ") and carbonate peaks (1456 and 1417 cm™") corre-
sponding to carbonate-substituted hydroxyapatite mineral
coatings, consistent with previous studies of BLM coatings
formed on biodegradable polymer substrata (Murphy and
Mooney, 2002). The FTIR spectrum also shows amide peaks
(1653 and 1558 cm™") corresponding to the presence of BSA
bound to the coating surface. SEM analysis corroborates the
FTIR analysis, and shows bound protein deposited on min-
eral-coated PLG microspheres (FIG. 3B). BSA binding on
the mineral coating was next quantified by incubating min-
eral-coated microspheres for 4 hours 1n PBS with varying
BSA concentrations. The results show that the amount of
bound BSA on the microspheres increased linearly in the
range of 0-200 ug/ml and reached a plateau at 400 pg/ml
(FIG. 3C). This binding 1s consistent with a typical
Langmuir isotherm, and corroborates previous studies of
BSA binding to hydroxyapatite powder (Hughes Wassell et
al., 1995). Cyt ¢ showed a binding curve similar to that of
BSA, and it 1s noteworthy that Cyt ¢ bound to the mineral
more efliciently than BSA at the same solution protein
concentrations. The enhanced binding efliciency of Cyt ¢ 1s
likely due to i1ts smaller hydrodynamic radius (RH=0.18
nm)(Moror et al., 2001) when compared to BSA (RH=3.6
nm)(Boyer and Hsu 1992). It 1s likely that protein binding
in the current study 1s mediated by 1onic interactions, and the
presence of both positively charged calcium and negatively
charged phosphate 1ons on the apatite mineral surface
enables binding of both acidic and basic proteins at physi-
ologic pH. This assertion 1s supported by recent demonstra-
tions that the amount of bound protein on highly crystallized
hydroxyapatite can be attributed to the ionic interaction
between the surface charges of hydroxyapatite and proteins
(Kawachi et al., 2008).

The release kinetics of BSA from mineral-coated PLG
microspheres were 1nvestigated by incubating mineral-
coated microspheres 1n phosphate-bullered saline (PBS)
solution at pH 7.4 (FIG. 4A). BSA release was sustained
over 30 days, and the release displayed near linear kinetics.
In contrast, the cumulative release of BSA encapsulated 1n
PLG microspheres via standard processing techniques
(Meng et al., 2003) displayed a much lower level of cumu-
lative release over 30 days, and the majority of the released
protein represented a “burst” release during the imtial 72
hours. More specifically, after 30 days 1n PBS the mineral-
1zed microspheres released 49+4.8%, while 23+4.9% of the
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the same timeirame. SEM analysis of the mineral-coated
microspheres (FIG. 4B) showed little clear evidence of

mineral dissolution after 30 days of immersion in PBS. PLG
microspheres with encapsulated BSA remained intact for the
duration of the release experiment (FIG. 4C), as expected
based on previous studies by Porjazoska et al. (2004).

To gain further insight into the factors influencing protein
release from mineral-coated microspheres, Cyt ¢ release in
phosphate-citrate bufler, pH=4.0, and 1n PBS, pH=7.4 was
characterized. After 30 days 1n buflers pH 4.0 and pH 7.4 the
mineral-coated microspheres released 72+1.6% and
56x1.1% of Cyt c, respectively. The release profile was
similar to that of BSA, with near linear, sustained kinetics
over more than 30 days. The more rapid release of Cyt ¢ at
low pH can be attributed to pH-dependent mineral dissolu-
tion. SEM 1mages of the microspheres after 30 days of
release clearly show that mineral dissolution 1s increased at
pH 4.0 when compared to pH 7.4 (FIGS. 4E and 4F). These
results are 1n agreement with Matsumoto et al. (2004),
reporting a fast release rate of Cyt ¢ from hydroxyapatite
particles at pH 4.0 as a result of an increase 1n the dissolution
rate at low pH. Taken together, these data indicate that the
dissolution of the BLM coating plays an important role n
protein release, and that 1t may be possible 1n future studies
to tailor protein release characteristics by varying the sta-
bility of the mineral coating. pH-dependent changes in
protein release kinetics could be useful in biomedical appli-
cations, as an acidic local pH exists within important physi-
ologic (e.g. stomach, remodeling bone tissue [Baron, 1989])
and pathologic (e.g. tumors [Vaupel et al., 1989], chronic
wounds [Schmaljohann et al., 2006]) environments 1n vivo.

It was shown here that mineral-coated PLG microspheres
can serve as ellective carriers for protein binding and
sustained release. The protein release profile from these
minerals does not include the “burst” release that 1s typically
observed 1n biodegradable microparticle release systems,
and the protein release rate 1s dependent on protein charac-
teristics and the local pH. It 1s noteworthy that previous
studies using hydroxyapatite chromatography to purify pro-
teins and DNA (Urist et al., 1984) suggest that this mecha-
nism for protein binding and release may be adaptable to a
broad range of acidic and basic biomolecules, and that the
biological activity of molecules released from minerals in
this manner 1s likely to be high. In addition, the gentle
processing conditions used to form mineral coatings on
biodegradable polymer microspheres suggest that several
biodegradable micro- or nano-scale materials can be used as
templates for mineral growth, and that biological molecules
can potentially be included into mineral coatings during the
course of the coating process. Therelfore, this approach may
represent an adaptable mechanism for biomolecule binding
and controlled release for biomedical applications.

Experimental

Mineral-coated Poly(lactide-co-glycolide) (PLG) micro-
spheres were prepared by incubating 85:15 PLG micro-
spheres (average MW=50,000-70,000) 1n modified-simu-
lated body fluid (mSBF) adjusted to 37° C. and pH to 6.8 for
7 days. The mSBF solution was refreshed daily. Samples
were rinsed with distilled water and freeze dried prior SEM,
XRD, FTIR spectroscopy studies.

Model Protein Binding to Mineral-Coated Microspheres:

Bovine serum albumin (BSA) and cytochrome ¢ (Cyt ¢)
were used as model proteins. Five mg of mineral-coated
microspheres were immersed 1 1.5 ml solutions containing
variable protein concentrations (0-800 ug/ml, 4 hr, 37° C.).
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The solution was centrifuged to sediment the microspheres,
and the amount of protein in the supernatant was measured.

The centrifuged microspheres were washed with distilled
water and freeze dried prior to SEM and FTIR spectroscopy.
Five mg of mineral-coated microspheres were immersed
in 1.5 ml of protein solutions (200 ug/ml, 4 hr, 37° C.) as
described above, to produce protein-containing, mineral-
coated microspheres. For BSA protein, the microspheres
were immersed 1n phosphate bufler solution (pH=7.4, 1 ml).
The resulting solution was incubated and rotated for 24 h 1n
the incubator and the release medium was changed daily for
30 days. The amount of protein released was determined by
the uBCA assay (Pierce, I L). After a 30 day incubation the
microspheres were washed with distilled water and freeze
dried, and their morphology was examined by SEM. For Cyt
¢, two different pH (7.4 and 4.0) of phosphate buller
solutions were used as the release medium. Experiments
were repeated three times and results were presented as
means and standard deviations from the three replicates.

Example 2

Fabrication and Characterization of Mineral-Coated
Poly(Lactide-Co-Glycolide) Microspheres

Example Summary

Mineral-coated microspheres were prepared via a bioin-
spired, heterogeneous nucleation process at physiologic
temperature. Poly(DL-lactide-co-glycolide) (PLG) micro-
spheres were fabricated via a water-in-oil-in-water emulsion
method and were mineral-coated via incubation in a modi-
fied simulated body fluid (mSBF). X-ray diffraction, Fourier
transform 1infrared spectroscopy, and scanning electron
microscopy with associated energy dispersive X-ray spec-
troscopy confirmed the presence of a continuous mineral
coating on the microspheres. The mineral grown on the PLG
microsphere surface was a carbonate-containing hydroxy-
apatite, and the mineral shows a porous structure of plate-
like mineral crystals at the nanometer scale. Aggregation of
mineral-coated microspheres was observed when micro-
sphere concentrations above 0.50 mg/ml were incubated 1n
mSBF for 7 days, and the size of aggregates was dependent
on the microsphere concentration in solution. In vitro min-
eral dissolution studies performed in Tris-builered saline
confirmed that the mineral formed was resorbable. A sur-
factant additive (Tween 20™ [PEG(20)sorbitan monolau-
rate]) was incorporated mmto mSBF to prevent microsphere
aggregation during the mineral growth process, and Tween
20™ not only prevented aggregation, but also influenced the
characteristics of the mineral formed on the surface of PLG
microspheres. These findings indicate that mineral-coated
PLG microspheres can be synthesized in a controlled fash-
ion using a bioimspired process. These materials could be
uselul 1n a range of applications, including controlled drug
delivery and biomolecule purification.

Introduction

Although they have been extensively studied in orthope-
dic implant design and bone tissue engineering applications,
mineral-coated biomaterials have not been applied as exten-
sively 1n microscale applications, such as drug delivery and
molecular separations.

An mmportant property of hydroxyapatite 1s the ability to
bind to biological molecules. For example, hydroxyapatite 1s
commonly used as a resin for chromatographic purification
of proteins and plasmid DNA (Colman et al., 1978; Schroder
et al., 2003), as the mineral surface contains both positive
(Ca®*) and negative (PO,”") ions capable of interacting
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clectrostatically with basic and acidic molecules, respec-
tively. This ability to bind, and subsequently release, bio-
logical molecules has recently been used as a mechanism for
sustained drug delivery (Example 1). Therefore, a large body
of work has focused on creating bone-like hydroxyapatite
coatings on polymeric biomaternials to simultaneously
exploit both the bulk properties of biodegradable polymers
and the bioactivity of hydroxyapatite coatings.

Here it was hypothesized that biodegradable polymer
microspheres, which are commonly used 1n drug delivery
applications, could be coated with a biodegradable,
hydroxyapatite mineral using a bioinspired mineral nucle-
ation and growth process. The resulting materials are
designed to exploit the controllable properties of polymer
microspheres (e.g. size, size range, degradability, drug incor-
poration), while also taking advantage of the biological
properties of the mineral layer (e.g. bioactivity, biomolecule
binding/incorporation). In this study mineral-coated micro-
spheres were fabricated using a two-step processing route.
First, poly(lactide-co-glycolide) (PLG) microspheres were
fabricated using a double emulsion method, then those
microspheres were incubated in modified simulated body
fluid, allowing for mineral nucleation and growth in near
physiological conditions. The amount of mineral formed can
be controlled by the incubation time and the concentration of
microspheres in solution. A surfactant additive influenced
microsphere aggregation and the morphology of the mineral
formed. The results presented here illustrate that an inor-
ganic mineral layer can be grown in a controllable manner
on the surface of biodegradable microspheres, and these
materials may find utility 1n a range of biomedical applica-
tions, most notable drug delivery and chromatography.
Experimental Section

Microsphere Fabrication.

85:15 PLG (average MW=50,000-70,000) and polyvinyl
alcohol (PVA, MW 9-10 kDa) were obtained from Sigma-
Aldrich (St. Louis, Mo.). All chemicals and solvents were of
reagent grade and were obtaimned from Fisher Chemicals
(Fair Lawn, N.I.).

PLG microspheres were fabricated by water-in-oi1l-in-
water (W/O/W) double emulsion technique as reported
clsewhere (Berchane et al., 2006). Brietly, the organic phase
consisted of 5% (w/v) PLG 1 1 ml ethyl acetate. The
aqueous phase consisted of 0.1 ml phosphate butlered saline
(PBS). The aqueous and organic phases were mixed and
sonicated using Sonifier 250 (VWR International, Inc., West
Chester, Pa.) for 15 s. The resulting first emulsion was added
immediately into 1 ml of aqueous 1% (w/v) PVA 1n 7% (v/v)
cthyl acetate that was being mechanically vortexed for 15 s
to form a second emulsion. The resulting solution was then
added to a beaker containing 200 ml of 0.3% PVA 1n 7%
cthyl acetate and further rigorously stirred for 4 hr to allow
for organic solvent evaporation. The resulting microspheres
were collected by filtration through 0.22 um filter, washed
three times with de-ionized water, and resuspended in de-
ionized water. The microspheres were lyophilized for a
minimum of 48 hr and were stored at —-20° C. 1n the presence
ol a desiccant.

To confirm that PLG microspheres were negatively
charged in physiological buffers, the C potential of PLG
microspheres was first characterized mm PBS and mSBF
solutions. The surface charge of the microsphere particles
was measured with a Zetasizer 3000HS (Malvern Instru-
ments, Worcestershire, U.K.). The electrophoretic mobility
ol uncoated microspheres in three 6 mL aliquots was mea-
sured to determine the surface potential, with each 1njection
having five measurements. Samples were syringe-loaded
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and measured at 25° C. in 1xPBS or mSBE, at a pH of 6.8
to mimic mineral coating conditions.

Quantification of aggregated microspheres in various bui-
fers was performed by incubating a 0.5% (w/v) PLG micro-
sphere 1n a selected buller (1xPBS, mSBF, and mSBF+0.1%
(v/iv) Tween 20™) for 1, 3, and 7 days. The suspension was
held at 37° C. and rotated continuously for the duration of
the study period, identical with the conditions used for
mineral growth. Prior to changing the bufller on the subse-
quent day, aliquots of each condition were taken, diluted 1:8,
and 1maged under an Olympus 1x51 light microscope at 20x
magnification. Four photographs were taken per sample per
time point with a Hamamatsu 1394 ORCA-285 camera. The
resultant 1mages were viewed and counted using Image J
software.

Mineral Coating of Microsphere.

PL.G microspheres were coated with a mineral layer via
incubation i a modified simulated body fluid (mSBF). The
mSBF solution was replaced daily to ensure adequate 10on
concentrations for mineral growth. mSBF possesses 1nor-
ganic 1on concentrations similar to those of human blood
plasma, with 2x the concentration of calcium and phosphate
ions. mSBF was prepared by dissolving 141 mM NaCl, 4.0

mM KCI, 0.5 mM MgSO,, 1.0 mM MgCl,, 4.2 mM
NaHCO,;, 5.0 mM Ca(Cl,, and 2.0 mM KH,PO, 1n distilled
water, bullered to pH 6.8, and was held at 37° C. for the
duration of the incubation period. In some experiments,
0.1% of Tween 20™ (Sigma-Aldrich, St. Louis, Mo.) was
added to the mSBF to prevent the aggregation of micro-
spheres.

Materials Characterization.

The composition and phase of the minerals grown on
polymer microspheres were analyzed using a HI-STAR 2D
x-ray diffractometer (Siemen Corporation, NY) operating at
40 kV and 20 mA. X-ray diffraction spectra were taken for
20=20-40° and data collection was controlled using General
Area Detector Diflraction System (GADDS) version 4.0
(Bruker AXS Inc., Madison, Wis.).

Fourier transform infrared spectroscopy (FTIR) data were
obtained using EQUINOX 55 spectrometer (Bruker AXS
Inc., Madison, Wis.). Samples were examined 1n transmis-
sion mode in the 400-4000 ¢cm™' range and data were
analyzed by OPUS solftware.

The morphology and composition of the coated mineral
on the microsphere surface was analyzed using scanning
clectron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDS). Microspheres before and after mSBF
incubation were mounted on aluminum stubs with double
sided carbon tape, sputtered with gold for 30 s at 45 mA and
characterized using a LEO DSM 1330 field emission SEM,
operating at 2 kV for SEM and 10 kV for EDS.

Dissolution of mineral coatings was characterized by
measuring release of PO,”” and Ca®* over 25 days in
multiple solutions, including tris-builered saline (150 mM
NaCl and 20 mM Tris, pH=7.4) or Dulbecco’s Modified
Eagle Medium (DMEM) without L-glutamine and phenol
red (Mediatech, Inc., Manassas, Va.). The buller was col-
lected and refreshed daily. The study was performed 1in
triplicate and held at 37° C. for the duration of dissolution
study period.

The amount of phosphate released from mineral-coated
microspheres was analyzed colorimetrically using an assay
previously reported (Heinonen and Lahti, 1981). Brietly, a
working AAM (acetone-acid-molybdate) solution was pre-
pared by mixing 2 parts acetone with 1 part 5 N sulfuric acid,
and 1 part 10 mM ammonium molybdate solution. The assay
was performed 1n a 96-well plate by adding 100 ul a freshly
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made working solution to 100 ul sample. The amount of
phosphate complex was quantitatively detected by measur-
ing the absorbance at 405 nm on a Synergy™ HT Multide-
tection Microplate Readers (Bio-Tek Instruments, Inc., UK)
and comparing to a set of standards with known phosphate
concentrations.

Ca”* release was direct measured using QuantiChrom™
Calcium Assay Kit (DICA-3500) (BioAssay Systems, Hay-
ward, Calif.). A phenolsulphonephthalein dye forms a very
stable blue color complex with free calcium. The intensity of
the complex, measured via absorbance at 612 nm, was used
to measure released Ca”* by comparing to a set of standards
with known calcium concentrations. Dissolution experi-
ments were performed 1n triplicate and statistical analyses
for calcium and phosphate release were carried out using
ANOVA.

Results and Discussion

Formation of Mineral-Coated Microspheres.

The formation of mineral-coated microspheres involved a
two-step process. First, PLG microspheres were fabricated
by an established water-in-oil-in-water emulsion method
followed by a mineral nucleation and growth process per-
formed 1 mSBF solution. Incubation of PLG microspheres
in mSBF led to nucleation and subsequent growth of a
hydroxyapatite mineral coating on the microsphere surface
(FI1G. 5). SEM observation showed that the nanocrystallites
grown on the microsphere surface exhibit a plate-like mor-
phology (FIG. 5B), similar to the morphology observed in
previous studies (Luont et al., 2006; Jabbarzadeh et al.,
2007). Micrographs of the microspheres incubated 1n mSBF
for 7 days show continuous mineral coatings on individual
microspheres incubated at 0.25% and 0.50% (w/v) (FIG. 6 A,

B). Microsphere aggregation was observed as microspheres
concentration increased, and mineral coatings were
observed on the surface of microsphere aggregates (FIG. 6B,
C, D).

The C potential of these particles in PBS (-81.09 [7.71

mV]) and mSBF (-78.62 [15.91 mV]) indicated that the

particles were negatively charged (FIG. 7). These C potential
values are consistent with previous studies of PLG micro-

spheres, which have also shown that PLG microspheres
have negatively charged surface carboxylate groups (Eniola
et al., 2002) and that they have C potential values ranging
from -22 to —80, depending on the microsphere preparation
technique and the testing bufller (Fischer et al., 2006; Chesko
et al., 2005; Mu and Feng, 2001; Coombes et al., 1997). The
presence of carboxylate groups on the surface of these
microspheres 1s important because previous studies have
indicated that these groups are capable of promoting het-
erogeneous mineral nucleation and growth. However, 1n
previous studies, PLG materials were hydrolyzed to produce
surfaces containing carboxylate 1ons, while 1n this case, the
PLG microsphere surfaces included negatively charged
groups when synthesized via double-emulsion processing
without additional hydrolysis. Interestingly, the C potential
of PLG microspheres was significantly lower than that of
hydrolyzed PLG films used previously as templates for
bioimspired mineral nucleation and growth (FIG. 7B) (Mur-
phy and Mooney, 2002), suggesting that the microspheres
may serve as advantageous templates for mineral growth.

C potential results showed charged microspheres in all
buflers tested (FIG. 7A), so 1t 1s possible that the presence
of salt leads to shielding of the microsphere surface charge,
thereby limiting electrostatic repulsion and facilitating
aggregation.
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Characteristics of Mineral Coatings.

The phase and composition of mineral coatings on PLG
microspheres after a 7 day incubation 1n mSBF were char-
acterized by XRD and FTIR. XRD spectra of mineral-coated
microspheres show three characteristic hydroxyapatite
peaks at 20=235.87°, 28.68°, and 32.05° similar to the peaks
present in the XRD spectrum of reagent grade hydroxyapa-
tite powder (Sigma-Aldrich, St. Lows, Mo.) at 20=26°,
28.5°, and 32° (FIG. 8A). The peak areas in the XRD
spectrum of mineral-coated microspheres are broader than
that of hydroxyapatite powder, and this may be due to the
small crystal size of the mineral deposited on the PLG
microsphere surfaces. FTIR peaks observed 1n the 1600-400
cm™' region can be attributed to carbonate-substituted
hydroxvapatite, including phosphate peaks at 570, 950,
1046, and 1098 cm™", and carbonate peaks at 870, 1410, and
1456 cm™' (FIG. 8B). These results are consistent with
previous studies on growth of carbonate-substituted
hydroxyapatite mineral on PLG films (Murphy et al., 2000;
Qui et al., 2000).

The EDS spectrum also confirms the presence of calcium
and phosphorus on the mineral-coated microspheres (FIG.
9). The Ca/P ratio of the mineral coating was 1.41 after 7
days of incubation in mSBE, which 1s consistent with that of
previous studies of biological apatites (Elliott, 1994) and
bioinspired mineral coatings (Jabbarzadeh et al., 2007).

Time lapse SEM analyses of PLG microspheres at various
times during mSBF incubation provide some insight into the
mechanism of nucleation and growth of carbonate apatite
mineral on aggregating microspheres (FIG. 10). The nucle-
ation process begins during the first three days of incubation
in mSBF (FIG. 10A, B). During this stage the aggregation
of microsphere begins to occur. As the microspheres begin
to aggregate, small crystals (~2-10 nm) begin to form at the
interface between microspheres (FIG. 10A, B), perhaps due
in part to local supersaturation of surface functional groups
and associated mineral 1ons at the interface. After five days
a highly porous structure of plate-like hydroxyapatite crys-
tals appear on the surfaces of aggregated microspheres (FIG.
10C), ultimately growing into a continuous coating (FIG.
10D). The size of the aggregates depends on the initial
concentration of microspheres 1n solution (FIG. 6E), sug-
gesting a potential mechanism for control over the size of
coated aggregates. Mineral coatings were also observed on
the surface of microsphere aggregates. Other analyses not
presented here suggest that the efliciency of microsphere
mineralization increases in conditions that promote micro-
sphere aggregation. Our time-course analysis ol mineral
formation 1n solutions with higher concentrations of micro-
spheres (F1G. 10) also demonstrates that mineral nucleation
can occur at the interface between aggregated microspheres
(e.g., FIG. 10B), which suggests that mineral formation can
be facilitated by aggregation.

To determine whether the aggregation of the microspheres
was due to some 1ntrinsic property of mSBE, we performed
aggregation experiments in which microspheres were 1ncu-
bated 1n three different solutions: (1) a 1xPBS solution
(calctum-deficient), (2) mSBEF, and (3) mSBF 1n the pres-
ence of Tween 20™, Each incubation was performed at 37°
C. with daily solution changes for 7 days. Results showed
that 35% and 42% microspheres aggregated after the first
day of incubation in PBS and mSBF, respectively. The
percentage of aggregated microspheres increased to 87% in
PBS and 90% in mSBF after 7 days of incubation. In
contrast, the number of microspheres aggregated in mSBF
supplemented with Tween 20™ was significantly lower at
cach time point (FIG. 11). These data indicate that mSBF
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does not significantly increase microsphere aggregation
when compared to PBS and the presence of Tween 20™
significantly decreases microsphere aggregation.

Interestingly, the formation of mineral described here 1s
analogous to previous work by He et al. (2003) on bioin-
spired formation of mineral in the presence of dentin matrix
protein. In addition, the morphology and composition of
mineral described here 1s similar to the apatite crystals found
in human woven bone and mineralized dentin (Su et al.,
2003), specifically a platelike nanostructure (FIGS. 5B and
14B), a hydroxyapatite phase (FIGS. 8A and 9), and car-
bonate substitution (FIG. 8B).

Dissolution and re-precipitation are key characteristics of
hydroxyapatite coatings, particularly in orthopedic implant
design and drug delivery applications. Some forms of
hydroxyapatite mineral have been shown to degrade slowly
or incompletely over extended timeframes, and the perma-
nent presence ol these materials 1 vivo 1s undesirable in
applications that call for material degradation over time (e.g.
tissue engineering, drug delivery). In addition, mineral dis-
solution can 1ntluence release of biological molecules from
these coatings 1n drug delivery applications, as described in
Example 1. Therefore, in this study dissolution of mineral
coatings in Tris-buflered saline (ITBS) and in DMEM was
characterized for 25 days. Ca®* and PO,>~ were gradually
released from mineral coatings over time in TBS (FIG.
12A), indicating that these coatings are less stable than pure,
stoichiometric hydroxyapatite characterized 1n previous
studies (Fazan and Marquis, 2000; Lin et al., 2001). The
total amounts of Ca®* and PO,>~ released after 25 days in
TBS were 15.87 and 10.26 uMol, respectively, and the
dissolution data indicated a Ca/P mole ratio in the range of
1.37-1.61 during the course of the 25 day study. SEM
images obtained at the end of the dissolution study also
confirm near complete resorption of the mineral coating 1n
TBS (FIG. 12B). The increased dissolution rate of these
coatings when compared to pure hydroxyapatite coatings
used 1n clinical applications can be explained by differences
in crystallinity and carbonate substitution in the mineral.
Fazan and Marquis (2000) reported previously that the
dissolution rate of plasma-sprayed hydroxyapatite coatings
decreases with an increase in the degree of crystallinity of
the hydroxyapatite. In addition, 1t has been reported that
incorporation of sodium and carbonate ions into calcium
phosphate minerals, such as hydroxyapatite, dramatically
increases the dissolution rate (Driessens et al., 1978), and the
FTIR analyses described herein clearly indicate the presence
of carbonate 1ons in the mineral coatings (FIG. 8B).

When mineral-coated microspheres were incubated 1n
serum-iree DMEM, there was a decrease in the cumulative
amount of (PO,)”~ in the dissolution media over time (FIG.
12B), indicating that phosphate-containing mineral could
possibly be re-precipitating on the surface of the mineral
coating due to the ion exchange between the carbonate-
substitute hydroxyapatite and the (PO,)’~ in DMEM. This
result suggests that the mineral coating could serve as a
substrate for nucleation of a calcium phosphate mineral
component 1n the DMEM solution (FIG. 12D). The mor-
phology of the mineral coating after incubation in DMEM
was similar to the morphology of the mineral prior to
incubation in DMEM, which indicates that 1f re-precipita-
tion 1s occurring, it 1s resulting 1n growth of a new mineral
phase that 1s similar to the mineral phase grown nitially.
These results are consistent with previous work, 1n which
hydroxyapatite was immersed 1n either TBS or a modified
Hank’s-buflered saline (HBS) solution, which had an 1onic

composition similar to human plasma. In Tris bufler there
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was no new mineral formed on the hydroxyapatite surface,
while 1n the modified HBS solution an apatite coating was

grown on the surface, and the new mineral coating had a
similar morphology to the 1nitial hydroxyapatite surface (Lin
et al., 2001).

Previous studies have shown that drug release kinetics
from the surface of hydroxyapatite are comparable to the
hydroxvapatite mineral dissolution kinetics (Jongpaiboonkit
et al., 2009; Ruhe et al., 2005). Therefore, the aggregation of
the mineral-coated microspheres 1s likely to slow drug
release because of the reduction 1n the surface area. Multiple
recent studies have shown that protein release kinetics from
the surface of hydroxyapatite strongly depend on the pH of
the buller medium (Jongpaiboonkit et al., 2009; Matsumoto
et al., 2004). For example, Matsumoto et al. (2004) dem-
onstrated that enhanced mineral dissolution at low pH can
lead to increased protein release. On the basis of these
previous studies, we hypothesized that the composition and
pH of bufler media would have an impact on the dissolution
rate of the mineral. This hypothesis 1s supported by our data,
indicating that the mineral dissolution rate 1s highly
impacted when mineral-coated microspheres are incubated
in erther TBS or DMEM (FI1G. 12A, B). Ions were gradually
released from the mineral over time 1 TBS (FIG. 12A),
whereas reprecipitation of the mineral occurred in phos-
phate-containing media (FIG. 9B). This newly dep051ted
mineral could interfere with drug diffusion out of the 1ni-
tially coated mineral, thereby slowing drug release.

Eflect of Surfactant on Mineral Nucleation and Growth.

In order to prevent the aggregation ol microspheres
during mineral nucleation and growth, Tween 20™ was
added to the mSBF solution. Tween 20™ 1s a common
surfactant used as a stabilizer in studies which measure drug
release from PLG microspheres 1n vitro (He et al., 2005;
Raman et al., 2003). The rate of mineral formation on the
surface of microspheres 1n the presence of Tween 20™ (FIG.
10A-D) 1s clearly slower than 1n the absence of surfactant
(FIG. 5, 6). FTIR spectra of the mineral formed i1n the
presence of surfactant (FIG. 13E) show peaks 1n the range
of 650-800 and 1108-1414 cm™', which indicate the pres-
ence of PO,>” similar to both the mineral formed in the
absence of surfactant (FIG. 8B) and synthetic HA (FIG.
13E). The FTIR spectrum also included CO,* peaks at 1410,
and 1450 cm™" which were absent in synthetic HA (FIG.
13E). Importantly, the morphology of the mineral coatings
in the presence of surfactant differs significantly from the
plate-like morphology apparent 1n the coatings formed with-
out surfactant (FIG. 14). This result suggests that surfactant
addition could be used as a mechanism to vary mineral
morphology on the microsphere surface, which could have
implications for mineral degradation, binding of biological
molecules, and biological activity. For example, a rough
surface with a relatively well-distributed mineral coating has
an increased surface area, and the corresponding increase 1n
available binding sites could result 1n higher protein binding
(Example 1; LeGeros, 2002). Laurencin et al. showed that
mineral coating of a sintered PLG microsphere scaflold in
mSBF increase the protein adsorption capacity and
decreased the iitial burst release of protein from the poly-

mer scallold when compare to non-mineralized scaflolds
(Jabbarzadeh et al., 2007).

CONCLUSION

Mineral-coated PLG microsphere have been fabricated by
a simple and inexpensive two-step process mvolving micro-
sphere fabrication via double emulsion and coating of those
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microspheres with mineral by immersing in mSBF solution.
XRD and FTIR spectra indicated that the coatings com-

prised a carbonated-substituted hydroxyapatite mineral with
a porous, plate-like nanoscale morphology. The size of the
mineral-coated microspheres or microsphere aggregates can
be controlled by varying the microsphere concentration in
the mSBF solution. Hydroxyapatite coatings were degrad-
able 1n tris-buflered saline, and the quantitative analysis of
calctum and phosphate release from the coatings indicate
that the Ca/P molar ratio 1n the mineral 1s consistent with that
ol carbonated-substituted hydroxyapatite. The presence of a
surfactant during the mineral growth process delayed the
formation of mineral, and also significantly aflected the
morphology of the mineral. Taken together, these findings
indicate the feasibility of processing mineral-coated PLG
microspheres 1 a controlled fashion using a biomspired
process. This material may be useful 1n a variety of appli-
cations that may benelit from the bulk properties of polymer
microspheres and the surface properties of hydroxyapatite
minerals, including tissue engineering, drug delivery, and
biomolecule purification.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 7
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 13

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE :

<400> SEQUENCE: 1

Ala Ala Ala Ala Glu Pro Arg Arg Glu Val Ala Glu Leu

26

Yokogawa, Y.; Paz Reyes, J.; Mucalo, M. R.; Toriyama, M.;
Kawamoto, Y.; Suzuki, T.; Nishizawa, K.; Nagata, F;
Kamayama, T., Growth of calcium phosphate on phos-
phorylated chitin fibres. Journal of Materials Science:
Materials 1n Medicine 1997, 8, 407-12.

Zhang, R. Y.; Ma, P. X., Biomimetic polymer/apatite com-
posite scatlolds for mineralized tissue engineering. Mac-
romolecular Bioscience 2004, 4, (2), 100-111.

U.S. Patent Application Publication US 2008/0093817 Al.

U.S. Pat. No. 6,767,928 B1.

U.S. Pat. No. 6,541,022 B1.

PCT Publication WO 2008/070355 A2.

PCT Publication WO 2008/082766 A2.

In view of the above, 1t will be seen that the several
advantages of the invention are achieved and other advan-
tages attained.

As various changes could be made 1n the above methods
and compositions without departing from the scope of the
invention, 1t 1s mtended that all matter contained in the
above description and shown 1n the accompanying drawings
shall be interpreted as 1llustrative and not in a limiting sense.

All references cited 1n this specification are hereby incor-
porated by reference. The discussion of the references herein
1s intended merely to summarize the assertions made by the
authors and no admission 1s made that any reference con-
stitutes prior art. Applicants reserve the right to challenge the
accuracy and pertinence of the cited references.

OTHER INFORMATION: modified peptide derived from osteocalcin

1 5 10
<210> SEQ ID NO 2

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: modified peptide derived from osteocalcin
<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (5)..(5)

<223> OTHER INFORMATION: carboxyglutamate
<220> FEATURE:

«<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (9)..(9)

<223> OTHER INFORMATION: carboxyglutamate
<220> FEATURE:

«<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (12)..(12)

<223> OTHER INFORMATION: carboxyglutamate
<400> SEQUENCE: 2

Ala Ala Ala Ala Xaa Pro Arg Arg Xaa Val Ala Xaa Leu
1 5 10

<210> SEQ ID NO 3
<211> LENGTH: 7
«212> TYPE: PRT
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-continued

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

28

223> OTHER INFORMATION: a cell adhesion peptide derived from

fibronectin
<400> SEQUENCE: 3

Gly Gly Arg Gly Asp Ser Pro
1 5

<210> SEQ ID NO 4

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: a cell adhesion peptide derived from laminin

<400> SEQUENCE: 4

Gly Gly Ile Lys Val Ala Val
1 5

<210> SEQ ID NO b5

<211> LENGTH: 7

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: a cell adhegsion peptide derived from laminin

<400> SEQUENCE: b5

Gly Gly Tyr Ile Gly Ser Arg
1 5

<210> SEQ ID NO o6

<211> LENGTH: o

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

«<223> OTHER INFORMATION: a cell adhesion/signaling peptide derived from

type I collagen
<400> SEQUENCE: 6

Gly Gly Asp Gly Glu Ala
1 5

<210> SEQ ID NO 7

<211> LENGTH: 22

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: a peptide derived from bone morphogenetic

protein-2

<400> SEQUENCE: 7

Gly Gly Lys Ile Pro Lys Ala Ser Ser Val Pro Thr Glu Leu Ser Ala

1 5 10

Ile Ser Thr Leu Tvyr Leu
20

What 1s claimed 1s:

1. An 1mndividual microsphere comprising:

an individual bead comprising a polymer that 1s nega- 60
tively charged via a double emulsion process;

a first calcium-containing mineral; and

a first biologically active compound;

wherein the bead comprises a first coating having a first
degradation rate, the first coating comprising the first 65
calcium-containing mineral, the first calcium-contain-

ing mineral being a carbonated-substituted calcium-

deficient hydroxyapatite comprising calcium-phos-
phate 1n a molar ratio of 1.4 to 1.6 such that the surface
of the first coating contains both positive and negative
ions and the positive 1ons have a release rate of 16 uMol
in 25 days and the negative 1ons have a release rate of
10 uMol in 25 days such that the microsphere has a C
potential value ranging from -60 mV to -90 mV, and
the first biologically active compound 1s non-cova-
lently attached to the first calctum-containing mineral,

wherein the microsphere has a diameter from 0.5 um to
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100 ym and a surface of the mdividual microsphere
comprises porous hydroxyapatite crystals 1in forms of a
plurality of small plates covering the surface of the
individual microsphere.

2. The microsphere of claim 1, wherein the polymer

(1) 1s bioabsorbable;

(11) 1s a synthetic polymer; or

(111) comprises polar oxygen groups.

3. The microsphere of claim 1, wherein the polymer 1s at
least one of a poly(D,L-lactide-co-glycolide) (PLG), a poly-
carboxylate, a polyanhydride, a poly(a-hydroxy ester), a
poly(ethylene terephthalate), poly(carbonate), a poly
(amides), a poly(lactone), a poly(saccharide), a poly(acry-
late), and about 85:15 lactide:glycolide.

4. The microsphere of claim 1, wherein the bead 1s
poly(D,L-lactide-co-glycolide) (PLG), wherein the PLG 1s
about 85:15 lactide:glycolide.

5. The microsphere of claim 1, wherein the biologically
active compound 1s at least one of an organic compound less
than 2000 MW, an oligopeptide, a polypeptide, and a nucleic
acid.

6. The microsphere of claim 35, wherein the organic
compound 1s an antibiotic, a corticosteroid, or a statin.

7. The microsphere of claim 5, wherein the organic
compound 1s cefazolin, cefuroxime, clindamycin, vancomy-
cin, or dexamethasone.

8. The microsphere of claim 5, wherein the oligopeptide
or polypeptide 1s selected from the group consisting of

(1) a cytokine, an enzyme, or a protein comprising an

antibody binding site;

(1) an oligopeptide having the amino acid sequence

GGRGDSP (SEQ ID NO: 3), GGIKVAV (SEQ ID NO:
4), GGYIGSR (SEQ ID NO: 5), GGDGEA (SEQ ID
NO: 6), GGKIPKASSVPTELSAISTLYL (SEQ ID
NO: 7), AAAAFPRREVAEL (SEQ ID NO: 1), or
AAAAYEPRRYEVAYEL (SEQ ID NO: 2), where vE 1s
carboxyglutamate; and

(111) a bone morphogenetic protein-2, a bone morphoge-

netic protein-7, a vascular endothelial growth factor, a
fibroblast growth factor-2, a platelet-derived growth
factor, a transforming growth factor-beta, an inter-
leukin, or a human growth hormone.

9. The microsphere of claim 5, wherein the nucleic acid
1s a microRNA, an antisense nucleic acid, or a vector.

10. The microsphere of claim 1, further comprising a
second biologically active compound non-covalently adher-
ing to the first calcium-containing mineral.

11. The microsphere of claim 1, wherein the biologically
active compound 1s

(1) at more than one level of the first calctum-containing

mineral; or

(1) modified to change the rate at which the biologically

active compound 1s released from the microsphere.

12. The microsphere of claim 11, wherein the biologically
active compound further comprises a moiety that increases
the strength of binding of the biologically active compound
to the first calcium-containing mineral.

13. The microsphere of claim 12, wherein the moiety 1s a
peptide comprising a poly(aspartic acid), a poly(glutamic
acid), AAAAEPRREVAEL (SEQ ID NO: 1), or
AAAAYEPRRYEVAYEL (SEQ ID NO: 2), where yE 1s
carboxyglutamate.

14. The microsphere of claim 1, wherein the biologically
active compound 1s a first biologically active compound and
turther comprising a second biologically active compound
adhering to the first calcium-containing mineral or the first
biologically active compound.
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15. The microsphere of claim 14, wherein the first bio-
logically active compound and the second biologically
active compound are on different levels of the first calcium-
containing mineral.

16. The microsphere of claim 1, further comprising an
1solated cell.

17. The microsphere of claim 16, wherein the bead 1s
poly(D,L-lactide-co glycolide) (PLG), wherein the PLG 1s

about 85:15 lactide:glycolide.

18. The microsphere of claim 16, wherein the 1solated cell
1s an 1solated mammalian cell.

19. The microsphere of claim 16, wherein the micro-
sphere comprises a first binding agent that binds to a second
binding agent on the 1solated cell.

20. The microsphere of claim 19, wherein the first binding,
agent 1S

(1) a receptor, a first nucleic acid or a cell adhesion

peptide; or

(1) the cell adhesion peptide GGRGDSP (SEQ ID NO: 3),

GGIKVAV (SEQ ID NO: 4), GGYIGSR (SEQ ID NO:

5), or GGDGEA (SEQ ID NO: 6); and the second
binding agent 1s a ligand of the receptor, a second
nucleic acid complementary to the first nucleic acid, or
a ligand of the cell adhesion peptide.

21. The microsphere of claim 16, further comprising a
cytokine that interacts with the 1solated cell.

22. The microsphere of claim 1, having a diameter from
about 2 um to about 6 um.

23. A mineral-coated individual microsphere comprising:

an individual microsphere being a poly(D,L-lactide-co-
glycolide) (PLG), the individual PLG microspheres
being synthesized via a double emulsion process and
the surface of the individual PLG microsphere includes
a negatively charged group and the surface of the
individual PLG microsphere comprises porous
hydroxyapatite crystals in forms of a plurality of small
plates covering the surface of the individual micro-
sphere;

a carbonated-substituted calctum-deficient hydroxyapa-
tite having nanocyrstallites coated around the PLG
microsphere and comprising calcium-phosphate 1 a
molar ratio of 1.4 to 1.6 such that the surface of the
individual PLG microsphere contains both positive and
negative 1ons and the positive 1ons have a release rate
of 16 uMol 1n 25 days and the negative 10ons have a
release rate of about 10 uMol 1n 25 days such that the
microsphere has a C potential value ranging from —60
mV to -90 mV; and

a biologically active compound non-covalently attached
to the carbonated-substituted calcium-deficient
hydroxyapatite.

24. A method of treatment 1n a vertebrate using the
microsphere of at least one of claims, 8, 11, 14, 20-22, 24,
28, 30-31, 33-41, 43, or 46.

25. The method of claim 24, wherein the vertebrate 1s a
human.

26. A method of producing a microsphere of claim 1,
comprising incubating a bead in a physiological saline
solution comprising carbonate, calcium, and phosphate such
that a first calctum-containing mineral layer coating forms
on the bead, where the bead with the mineral layer coating
1s the microsphere, and further comprising;

(1) adding a component that adheres to the first calctum-
containing mineral layer to the microsphere, wherein
the component introduces a functional group to the first
calcium-containing mineral layer; or
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(1) incubating the microsphere with a biologically active
compound such that the biologically active compound
adheres to the microsphere.

27. The method of claim 26, wherein the solution com-

Prises

(1) about 141 mM NacCl, about 4.0 mM KCIl, about 1 mM
MgCl,, about 0.5 mM MgSO,, about 4.2 mM
NaHCO,, Tris, about 5 mM CaCl,, and about 2 mM
KH,PO,; or

(1) a surfactant.

28. The method of claim 26, wherein

(1) the component 1s incubated with the microsphere such
that the biologically active compound 1s non-covalently
bound to the microsphere;

(11) turther comprising adhering the component to the
microsphere such that the component introduces a
functional group to the microsphere, then covalently
attaching the biologically active compound to the func-
tional group; or

(111) the biologically active compound 1s imncubated with
the bead 1n the physiological saline solution such that
the biologically active compound 1s deposited on the
bead along with the mineral layer coating.

29. The method of claim 24, for treating vertebrate with

a tissue defect.
30. The method of claim 27, wherein the surfactant 1s
Tween.
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